Within Saccharomyces cerevisiae, Hcm1is a member of the forkhead transcription factor family with a role in chromosome organization. Our group recently described its involvement in mitochondrial biogenesis and stress resistance, and reports here that Hcm1 played a role in adaptation to respiratory metabolism when glucose or nitrogen was decreased. Regulation of Hcm1 activity occurs in at least three ways: i) protein quantity, ii) subcellular localization, and iii) transcriptional activity. Transcriptional activity was measured using a reporter gene fused to a promoter that contains a binding site for Hcm1. We also analyzed the levels of several genes whose expression is known to be regulated by Hcm1 levels and the role of the main kinases known to respond to nutrients. Lack of sucrose-nonfermenting (Snf1) kinase increases cytoplasmic localization of Hcm1, whereas Δtor1 cells showed a mild increase in nuclear Hcm1. In vitro experiments showed that Snf1 clearly phosphorylates Hcm1 while Sch9 exerts a milder phosphorylation. Although in vitroTor1 does not directly phosphorylate Hcm1, in vivo rapamycin treatment increases nuclear Hcm1. We conclude that Hcm1 participates in the adaptation of cells from fermentation to respiratory metabolism during nutrient scarcity. According to our hypothesis, when nutrient levels decrease, Snf1 phosphorylates Hcm1. This results in a shift from the cytoplasm to the nucleus and increased transcriptional activity of genes involved in respiration, use of alternative energy sources, NAD synthesis and oxidative stress resistance.
Introduction
All organisms have evolved to respond to changes in environmental conditions. A network of complex signaling pathways ensures the optimum adaptation of cellular metabolism to these fluctuating conditions. Signal transduction components and mechanisms are highly conserved among all eukaryotes. In mammals, hormones (e.g., insulin), growth factors, neurotrophins, nutrients, cytokines, and oxidative stress regulate a family of forkhead transcription factors (FKH-TFs), the forkhead box O family (FoxO) . In response to all these stimuli, FoxO factors (FoxO1, 3, 4, and 6) control various biological functions including stress resistance, energy metabolism, DNA repair, cell-cycle arrest, and apoptosis [reviewed in [1] [2] [3] . Due to this wide spectrum of functions, FoxO activity is regulated by several posttranslational modifications, such as phosphorylation, acetylation, ubiquitination, methylation, and glycosylation. A complex combination of such modifications regulates FoxO activity by changing its subcellular localization, protein levels, and DNA-binding properties. [2] . Protein-protein interactions between FoxO proteins and their binding partners also have significant consequences on transcriptional activity and other non-canonical FoxO functions, independent of their roles as transcription factors [4, 5] .
Saccharomyces cerevisiae has four members of the forkhead family of eukaryotic transcription factors (FKH1, FKH2, FHL1 and HCM1) according to a conserved DNA binding domain [6] . Fkh1 and Fkh2 are involved in transcriptional silencing, cell morphology, and the cell cycle [7] [8] [9] . Fhl1 regulates transcription of ribosome-associated proteins [10] and Hcm1 regulates transcription of genes involved in chromosome organization, spindle dynamics, and budding [11] . HCM1 is periodically transcribed and expressed in late G1 and early S phase, and functions as an S-phase-specific transcriptional activator. Hcm1 is activated by the Swi4/Swi6 complex; once activated, Hcm1 induces transcription of WHI5, which represses the Swi4/Swi6 complex in a negative feedback loop [12] . FKH1and FKH2 are among the genes activated by Hcm1. Although chromosome segregation is impaired in the absence of Hcm1, the budding kinetics under optimal growth conditions in Δhcm1 cells is quite similar to wild-type (WT) cells [12] .
In a previous report we demonstrated that Hcm1 is the only yeast FKH-TF that has a dual localization, performing a cytosolic-nuclear shift during the cell cycle [13] . In addition, and like mammalian FoxO3, Hcm1 moves to the nucleus upon oxidative stress and this response is positively regulated by Sir2. We also reported a novel role of Hcm1 in mitochondrial metabolism and biogenesis that contributes to stress resistance.
Under conditions of rich media and high glucose concentration, S. cerevisiae ferments glucose to ethanol, even though respiration would be energetically more favorable [14] . This phenomenon has been defined as the Crabtree effect. The ethanol excreted to the medium inhibits growth of other micro-organisms, giving yeast cells a competitive advantage. When glucose becomes limiting, yeasts enter the diauxic shift and metabolism changes from glucose fermentation to ethanol respiration, which has been accumulating during the fermentative phase. Finally, when all carbon sources have been exhausted, cells enter the stationary phase (G0). If a different essential nutrient becomes limiting before glucose does, yeast cells directly enter the stationary phase without passing through the diauxic shift.
In yeast, nutrients exert the role that growth factors and hormones play in the regulation of signaling cascades in higher eukaryotes. The constant fluctuation of nutrients has a key role in determining growth, metabolism, stress resistance, and cell cycle. Several nutrient-controlled pathways integrated into a signaling network have been defined in S. cerevisiae. A series of well-conserved nutrient sensory protein kinases performs key roles in this signaling network [reviewed in 15] .
The main glucose repression pathway is controlled by Snf1 (sucrose-nonfermenting kinase), the founding member of the AMPK family. This protein kinase is required for transcription of glucose-repressed genes, being necessary for the yeast to adapt to glucose limitation and to utilize alternate carbon sources [16] . Snf1 is also involved in various nutrient-responsive, cell development processes including meiosis, sporulation [14, 17] , and aging [18] . In addition to its primary role in response to nutrient stress, Snf1 has a role in the cellular responses to other environmental stresses, including oxidative stress [19] .
The TOR pathway controls cell growth in diverse eukaryotic organisms. Tor (target of rapamycin) belongs to a conserved group of serine/ threonine kinases from the phosphatidylinositol kinase-related kinase (PIKK) family [20, 21] . In contrast to most eukaryotes, yeast has two Tor homologues, Tor1 and Tor2. They form two distinct, evolutionaryconserved multimeric protein complexes, TORC1 and TORC2. TORC1 is inhibited under low nitrogen conditions. It regulates nitrogen catabolite-repression, retrograde and stress response, ribosome biosynthesis, autophagy, and growth. On the other hand, TORC2 is rapamycininsensitive and is thought to regulate the spatial aspects of growth, such as the control of actin polarization [22] . Sch9 is a serine/threonine protein kinase homologous to the mammalian protein kinase B (PKB/AKT), which plays a central role in nutrient-mediated signaling. It is an important downstream component of phosphoinositide 3-kinase (PI3K) signaling. Sch9 has been identified as a Tor substrate and several TORC1-mediated processes involve this kinase [23, 24] .
This study demonstrates that Hcm1 respond both to glucose and nitrogen deficiency. Main kinases involved in nutrient response pathways (Snf1, Tor1 and Sch9) have been studied as putative regulators of Hcm1 with Snf1 having a preponderant role. The results uncover the role of Hcm1 as involved in adaptation to early nutrient-induced stress conditions by switching from glucose fermentation to aerobic respiration of the sugar. In addition, pathways using alternative energy sources are also activated.
Materials and methods

Yeast strains and growth conditions
The S. cerevisiae strains employed in this study are described in Table 1 . Standard protocols were used for DNA manipulations and cell transformations [25] . Null mutants were obtained by using the short flanking homology approach after PCR amplification of the natMX4 cassette in the case of HCM1, SIR2, SNF1, and TOR1. The HCM1deletion strain was generated in WT strain CML128 [26] . Deletion of SIR2, SNF1 and TOR1 was performed in MJRC08 strain (CML128 HCM1-GFP). Disruption was confirmed by PCR analysis. Overexpression of Hcm1 protein was obtained by replacing the endogenous promoter with a tetO 7 promoter as described [27] . Adding the antibiotic repressed expression of the tet construction, resulting in cells with no detectable levels of Hcm1 [13] . The cells were grown at 30°C by incubation in a rotary shaker using YPD medium containing 1% yeast extract, 2% peptone, 2% glucose, or standard SC medium containing 2% glucose, 0.67% yeast nitrogen base (Difco, without amino acids, ref. 291940), plus 0.14% drop-out mixture (Sigma, ref Y2001) and auxotrophic requirements (0.076 g/l His, 0.38 g/l Leu, 0.076 g/l Trp and 0.076 g/l uracil) [28] . Specific supplements were omitted for selection of the corresponding plasmidcarrying cells. Specific media were prepared to analyze Hcm1 response to nutrients. To analyze the effect of glucose concentration, standard SC medium was prepared with either 0.5%, 2%, or 4% glucose. To analyze the effect of nitrogen concentration, SC medium containing 2% glucose, 0.17% yeast nitrogen base (Difco, without any source of nitrogen, ref. 233520), was prepared with different dropout contents: i) the recommended amount (1 × drop-out = 0.14%), ii) half the recommended amount (0.5 × drop-out), and iii) twice the recommended amount (2 × drop-out). In these experiments, auxotrophic requirements were added, in all cases, twice the standard concentration.
Plasmids
pCMTR1, pCMSH9 and pCMSF1 were constructed by inserting the entire WT coding gene sequence into pCM262, a derivative of pCM190 [29, 30] kindly provided by E. Herrero (University of Lleida, Spain). The gene (TOR1, SCH9, or SNF1) fragments were PCR amplified from CML128 using iProof High-Fidelity DNA Polymerase and hybrid primers containing PstI and NotI restriction sites ( Table 2 ). The resulting PCR product was cloned into pCM262, previously digested with NotI and PstI. The ligation product obtained was used for DH5α transformation followed by selection based on ampicillin resistance. Purified plasmids from positive DH5α were used for yeast strain CML128 transformation, followed by selection for uracil auxotrophy. The plasmids encode either TOR1, SNF1, or SCH9 carboxy terminally fused to three hemagglutinin (HA) tags and one His 6 tag, under transcriptional control of the tet promoter. Their authenticity was verified by restriction mapping of the plasmid. Western blot using anti-HA and anti-His antibodies was used to check that the full-length tagged protein was produced in yeast. HA-Snf1 and HA-Snf1K84R were expressed from pSK119 and pSK120, which contain the wild-type and K84R dead-mutant SNF1, respectively [31] . Plasmids pSK119 and pSK120 were kindly supplied by M. Carlson (Columbia University, NY, USA).
Hcm1 transcriptional activity
The WHI5 HCM1:lacZ reporter construct, pSH144/hcm1bs, was kindly provided by Dr. L. Breeden (University of Washington, USA). The plasmid contains the Hcm1 binding site sequence obtained from WHI5 promoter [12] . StuI digestion was performed for plasmid linearization and it was integrated at URA3 locus to background strains GRB2405 and MJRC05. β-Galactosidase assays were performed to analyze Hcm1 activity. Transformed cells (MJRC26 and MJRC27 strains) were treated as indicated and then collected for protein extraction. Total protein extraction was obtained by mechanical disruption followed by centrifugation and protein levels were measured using the Bradford method. β-Galactosidase activity was measured using a 96-well kinetic assay as described [32] . The reaction rate was assayed over a span of 10 min. Specific activity is defined as nmol.min .mg −1 protein.
Western blot analysis
To detect Hcm1-HA and actin, cell extracts were obtained as described [33] , separated in SDS-PAGE, and transferred to polyvinylidene difluoride membranes. Anti-HA (1:2500 dilution, from Roche, ref.
1-867-423) and anti-actin (1:2000 dilution, from Chemicon, ref. MAB1501R) were used as primary antibodies. To detect endogenous Snf1 and its activation state, as well as the phosphorylation state of Hcm1, cell extracts were performed as described [34] . In brief, a cell volume corresponding to 2.0 OD 600 was taken at different culture densities, and boiled in a glass tube for 3 min. After air-cooled, cells were harvested by centrifugation at 3000 ×g for 5 min. Each pellet was resuspended in 150 μl 10 mM Tris-HCl, 1 mM EDTA, pH 7.5, plus 150 μl 0.2 M NaOH. After 5 min, the tubes were spun down in a microfuge at 10,000 ×g for 1 min. The supernatants were aspirated and the pellets were gently resuspended in 60 μl of SDS-PAGE loading buffer and boiled for 5 min. Samples were cleared by centrifugation at 10,000 ×g for 5 min and loaded on SDS-PAGE at 8 μl/lane. Anti-phospho-Thr172-AMPK (1:1000 dilution, Cell Signaling Technology ref. 2531) and anti-polyHistidine (1:1000 dilution, Sigma ref 1029) antibodies were used to detect phospho-Thr210-Snf1 and total Snf1, respectively. Anti-HA was used to detect Hcm1-HA as described above. Immunodetection was performed using the SNAP i. ChemiDoc XRS System (Bio-Rad) and analyzed with Quantity One software (Bio-Rad).
Gene expression analysis
Microarray analysis was performed at the genomic facilities at the Universitat Autònoma de Barcelona as described [35] . Quantitative real-time PCRs (RT-PCR) were performed using the TaqMan System (Applied Biosystems). Total RNA was extracted using the RNeasy kit (Qiagen, ref. 74104) according to the manufacturer's instructions and 1 μg total RNA from each sample was converted into cDNA with 50 ng utilized for each individual RT-PCR assay in a 48-cycle, three-step PCR reaction using the iCycler (Bio-Rad). Amplification was performed using the TaqMan Universal PCR Master Mix kit (Applied Biosystems, Cat. 4304437). Quantification was completed using iCycler IQ Real-Time detection system software (version 2.3, Bio-Rad). For all gene expression analysis, actin (ACT1) was used as an internal control. Data represents three technical repeats of each analysis.
Microscopy studies
To analyze Hcm1 cellular localization under different conditions, HCM1-GFP-labeled cells were analyzed by fluorescence microscopy (Olympus DP30 BW) using 488-nm laser excitation for GFP. Pictures were taken and the number of cells with an absence of nuclear stain was counted with ImageJ 1.42b software and represented as a percentage of the total. The cells showing either exclusively nuclear and both nuclear and cytoplasm localization were grouped and indicated as nuclear. Approximately 5% of the cells showed very low fluorescent levels and were removed from the statistics. All of the quantitative values represent averages from three independent experiments with at least 100 cells/experiment.
Kinase assay
In vitro kinase assays were performed using recombinant Hcm1 and purified kinases. Hcm1-His 6 recombinant protein was obtained from Eschericha coli transformed with pCASa-HCM1-10-7. The plasmidencoding Hcm1 carboxy terminally fused to His6 tag was obtained from Biomedal (Spain). Hcm1-His 6 protein was purified from DH5α cells using a Ni-column (Qiagen, ref. 30600) and served as substrate for in vitro kinase assays. Identity of purified Hcm1 was confirmed by MALDI-TOF spectrometry with a 60% coverage (Proteomic facility, CSIC/Universitat Autònoma de Barcelona). Full-length kinases as well as a series of proteolytic products were purified from S. cerevisiae and used as enzymes for in vitro kinase assays. Pull-down with HA-agarose (Roche, ref. 11815016001) was used to purify the HA-tagged kinases. For kinase assays, purified Hcm1 and kinases were used in a relationship of approximately 1:10. Reaction buffer consisted of 20 mM Hepes pH 7.5, 0.5 mM DTT, 0.5 mM EDTA, 5 mM MgCl 2 , and 2.5 mM glycerol phosphate. Reactions were incubated for 45 min at 30°C in a final volume of 20 μl in the presence of 10 μCi of [γ-32 P]ATP and 5 μM of "cold" ATP. The reaction products were separated by SDS-PAGE and the phosphorylated proteins were analyzed by blot detection of gamma radiation. Autophosphorylation assays were performed in the same way without substrate.
Analysis
Cell growth was monitored in 1-ml cultures in 24-well plates incubated at 30°C and constant agitation in a PowerWave XS microplate spectrophotometer (Biotek). Plates were sealed with Breathe Easy membranes (Diversified Biotech, USA). Optical density (OD 600 nm) was recorded every 30 min. Generation times were calculated using Gen5 data analysis software and Microsoft Excel. To analyze the effect of rapamycin, cell cultures at OD 600 = 0.5 were treated with 100 nM rapamycin and aliquots were taken at various times. The percentage of cells with either nuclear or cytosolic Hcm1-GFP localization was quantified as described above. Statistical analysis was performed using Student's t test.
Results
Role of Hcm1 throughout the growth curve
Hcm1 is involved in mitochondrial metabolism and stress resistance [13] . In our study, several genes needed to activate respiratory metabolism, such as ADR1 (coding a transcriptional activator involved in the expression of genes that are regulated by glucose repression), were upregulated in Hcm1-overexpressing cells (Supplemental Table S1 ). These results suggested a role of Hcm1 in adapting to nutrient scarcity. To get further insight into the physiological role of Hcm1, western blot anti-HA was performed using WT (HCM1-HA) cells at different culture densities. There was a peak in Hcm1 levels, which increased 3.5-fold, when culture density reached OD 600 =3 (Fig. 1A and B) . At this point, glucose concentration in the media was approximately 50% of the initial concentration. A similar profile was observed when HCM1 gene expression was measured by RT-PCR (Fig. 1C) and, as expected, mRNA levels peak earlier (OD 600 =2) than protein levels. Moreover, using the GFP-tagged Hcm1 strain, localization of the transcription factor was also evaluated. It is interesting to note that when Hcm1 levels were higher, nuclear translocation increased ( Fig. 1D and E) . This was a transient response since both Hcm1 levels and nuclear localization decreased at higher culture densities. Growth curves in YPD were obtained from WT, Δhcm1 and Hcm1-overexpressing (tetHCM1-HA) cells ( Fig. 2A) . In rich medium, Δhcm1 stopped growth sooner and reached lower densities than WT cells. In contrast, cells overproducing Hcm1 were better fitted for diauxic shift and yielded higher culture densities than WT cells. Although in WT cells the diauxic shift can be observed around OD 600 = 10-11 ( Fig. 2A) , metabolic changes started earlier. In fact, when plotted in a logarithmic scale, it is clear that the culture did not grow exponentially beyond OD 600 =5 (Fig. 2B) . Such metabolic changes are induced by master kinases like Snf1. As can be seen in Fig. 2C , activation of Snf1, detected by its phosphorylation state, started as early as OD 600 =2 and reached a maximum around OD 600 =4-5.
These results indicate an important role for Hcm1 as an early regulator of nutrient deficiency. Thus, when glucose (or another important nutrient such as nitrogen) becomes scarce, Hcm1 is upregulated and translocated to the nucleus, triggering a response to adapt the cells to the new situation. To examine the role of Hcm1 along the growth curve, several genes known to be induced in Hcm1-overexpressed cells [13] were measured by RT-PCR in WT and Δhcm1 cells (Fig. 3) . As shown, the absence of the transcription factor results in a lower induction in almost all genes tested. Differences between WT and Δhcm1 strains were especially important in HSP26 (response to stress) and PUT1 (use of proline as energy source), which showed almost no induction when Hcm1 was absent. ADR1 (activation of respiratory genes), along with BNA2 and BNA4 (NAD biosynthesis), also presented greatly reduced induction in Δhcm1 compared to WT strain. 
Hcm1 is induced and activated both by glucose and nitrogen deficiency
In a yeast culture, when the cell density increases nutrients begin to be present in limiting amounts. To see whether Hcm1 responds to decreased levels of either glucose or nitrogen, media with different amounts of such components were used (see Materials and methods). Hcm1 levels were measured at different culture densities ( Fig. 4A and B) . From these experiments it is clear that the peak of Hcm1 expression varies according to both glucose and nitrogen concentrations. After a shift from 2% glucose to 0.5% glucose media, Hcm1 translocated to the nucleus transiently (Fig. 4C) . Similarly, when the percentage of cells with nuclear Hcm1-GFP in three media with different nitrogen concentrations was measured, nuclear translocation parallels to Hcm1 expression throughout the growth of the culture (Fig. 4D) . Of note, the rate of glucose consumption showed no differences between these three media, up to OD 600~8 (not shown).
To measure the transcriptional activity of Hcm1, the promoter of WHI5 (a gene known to be regulated by Hcm1), fused to LacZ [12] was used. Beta-galactosidase activity was measured under various conditions as a reporter of Hcm1 transcriptional activity. Increased levels of β-galactosidase activity were observed when cells were shifted from 2% to 0.5% (or 0.1%) glucose growth medium (Fig. 5A) . Similar results were obtained when cells were shifted from high to low nitrogen content in the culture media (Fig. 5B) . As a negative control, β-galactosidase activity was measured in a Δhcm1 strain having less than 20% of the WT strain's activity.
Regulation of Hcm1 by nutrient-sensory protein kinases
In yeast, as in mammals, several pathways have been described to be activated either by glucose or nitrogen limitation, and a few master kinases play a key role. In mammals, it is known that FoxOs are regulated at multiple phosphorylation sites, each one having a particular role [reviewed in 36] . In this context, we analyzed the role of three kinases, Tor1 (PIKK family), Snf1 (AMPK family) and Sch9 (PKB/AKT family). To that end, cellular localization of Hcm1-GFP was analyzed in Δtor1 and Δsnf1 cells grown exponentially (Fig. 6A) . The deletion strain of SCH9 could not be obtained in our WT background, probably due to the high genetic instability of this mutant. The more clear phenotype was observed in cells lacking Snf1, where Hcm1-GFP was present mainly in the cytoplasm (75% of the cells). Lack of Tor1 slightly favored nuclear Hcm1 localization. The ratio between the percentage of cells with cytosolic versus nuclear Hcm1 localization was 1.85, 3, and 1.38 in WT, Δsnf1, and Δtor1, respectively, indicating the preponderant role of Snf1 in regulating Hcm1 localization. Nevertheless, the role of the TORC1 pathway on Hcm1 is not negligible, since the addition of rapamycin to the culture caused a nuclear import in up to 50% of Hcm1-GFP after 20 min (Fig. 6B) . To study whether these kinases have any role in the transient import of Hcm1 to the nucleus observed in WT cells at OD600 = 3, Hcm1-GFP localization was followed at three different culture densities in Δtor1 and Δsnf1 cells (Fig. 6C) . As it can be observed, lack of either Tor1 or Snf1 abolished the Hcm1 response to nutrient decrease. Moreover, Δsnf1 cells grew slowly and did not reach high culture densities.
The effects described above could be explained by a direct phosphorylation of Hcm1, or through an indirect effect. To that end, in vitro phosphorylation assays were carried out (Fig. 7) . HA-tagged Tor1, Snf1, and Sch9 were purified from yeast and recombinant His 6 -tagged Hcm1was purified from E. coli (Fig. 7A) . Identity of the purified proteins was confirmed by mass spectrometry (not shown). Radioactive-labeled ATP was used to perform the kinase assays (see Materials and methods). The results showed that Snf1 (purified from two different plasmids) phosphorylated Hcm1 (Fig. 7B) . To demonstrate the specificity of Hcm1 phosphorylation by Snf1, the kinase assay was also performed with a dead-mutant Snf1 (K84R). As expected, no phosphorylation signal on Hcm1 was observed. These results show that the Snf1 protein kinase activity is required for phosphorylation of the Hcm1. Moreover, they rule out the possibility of Hcm1 phosphorylation by an unknown kinase copurified with Snf1. In our in vitro assay, Hcm1 was also phosphorylated by Sch9, but Tor1 did not phosphorylate Hcm1 directly (Fig. 7C) . With the exception of Tor1, all these kinases have autophosphorylation activity. Phosphorylation of Snf1-K84R could be detected only after long exposure times (Supplemental Fig. S1 ). To check whether Tor1 was purified as an active kinase, in vitro phosphorylation assays of Sch9 by Tor1 were performed (Fig. 7D ). As shown, in addition to the autophosphorylation activity of Sch9, increased phosphorylation can be detected when Tor1 was present in the assay. This seems to indicate that Tor1 was purified as an active kinase and also that Sch9 is a substrate of Tor1 [23] . Thus, we suggest that Sch9 phosphorylation of Hcm1 could explain the effect of the TORC1 pathway on Hcm1 regulation. However, we cannot rule out that the increased incorporation of 32 P detected in Sch9 pull down when mixed with the Tor pull down is due to Sch9 phosphorylation of a substrate present in the TOR preparation.
Phosphorylation of Hcm1 was also observed in vivo (Fig. 7E ) using a method for protein extraction from boiled cells [34] . The method, described initially to detect phosphorylated Snf1, has the advantage that avoids dephosphorylation by phosphatases present in the cell extract. The results of western blot anti-HA showed extra bands compatible with several degrees of phosphorylated Hcm1. Treatment with alkaline phosphatase confirmed that such modification was due to phosphorylation.
Based on all these results plus data from Table 3 and Supplemental  Table S1 , the proposed mechanism is summarized in Fig. 8 . According to this model, Hcm1, like mammalian FoxOs, would be regulated by phosphorylation at different sites. Phosphorylation of Hcm1 by Snf1 would induce nuclear translocation of the transcription factor, inducing the respiratory metabolism when nutrients decrease. On the contrary, phosphorylation of Hcm1 by Tor/Sch9 at high glucose concentration would promote Hcm1 nuclear export, repressing its transcriptional activity. Taken together, our results suggest that Snf1 is the preponderant Hcm1 regulator.
Discussion
Hcm1 was classically described as a cell-cycle transcription factor involved in several aspects of chromosome segregation during the G1/S transition [11, 12] . Recently, we described a new role of this WT and Δhcm1 cells were grown in YPD and, at different cell densities, expression of several genes was determined by quantitative real-time PCR analysis. Actin expression was used as an internal control to normalize expression levels. White bars, WT strain; gray bars, Δhcm1 strain. For the WT strain, the relative quantity at OD 600 = 0.5 was set to 1. The data are represented as the means ± SD from two experiments with three technical repeats.
TF-inducing mitochondrial metabolism and oxidative stress resistance [13] . Such metabolic change is important to adapt yeast cells to a decreased nutrient availability. Our results demonstrate that the total amount of Hcm1 varies 3-to 4-fold in the exponential phase, reaching the highest value when the glucose concentration is about half of the initial value (around OD 600 = 3 in YPD medium). The amount then drops to basal levels and is almost undetectable in stationary phase (not shown). The increased amount of Hcm1 also parallels a higher percentage of nuclear localization and is preceded by HCM1 induction. All these events can be envisaged as a preparation for the diauxic shift, since in this phase cells change from fermentative to respiratory metabolism. In fact, cells lacking Hcm1 are unable to enter a diauxic shift, in contrast to WT cells. Cells overexpressing Hcm1 are the best fitted for the transition to diauxic shift and, as a consequence, yield higher culture densities. How can this phenotype be explained? From the microarray analyses (data from the NCBI Gene Expression Omnibus [37] , accession number GSE20420) and Supplemental Table S1 , it could be observed that genes necessary to activate respiratory genes and important for the diauxic transition, such asYGP1, SPI1 and GAC1, and the transcription factor ADR1, were upregulated in Hcm1-overexpressed cells. Similarly, upregulation of MSN2/4 and GIS1 was observed when Hcm1 was overexpressed (Supplemental Table S1 ). Msn2/4 regulates expression of stress-responsive (STRE) genes while Gis1 induces transcription of postdiauxic shift (PDS) genes. These two transcription factors are located downstream of Rim15, a glucose-repressible kinase important in nutrient depletion [15] and also upregulated by Hcm1 (Supplemental Table S1 ). Thus, at stationary phase, cells became extremely resistant to oxidative and other stresses, being able to survive for weeks without nutrients [38] .
The general metabolic response induced in Hcm1-overexpressed cells includes increasing expression of a variety of genes involved in i) high affinity glucose transport and hexokinases, ii) amino acid transport and mitochondrial metabolization of alternative energy sources, like proline and arginine, iii) NAD biosynthesis, and iv) stress resistance (Supplemental Fig. S2 ). Quantitative RT-PCR performed to validate the physiological role of Hcm1 in vivo showed that, in comparison to Δhcm1 cells, WT cells presented higher induction levels of several such genes when nutrients became scarce (Fig. 3) . To investigate whether Hcm1 responds either to decreased glucose or nitrogen levels, both Hcm1 protein levels and nuclear shift were measured. Both parameters increased when either glucose or nitrogen were limited, pointing to a general response of Hcm1 when nutrient levels decrease. The in vivo role of Hcm1 when nutrients decrease is further supported by its transcriptional activity, measured as the β-galactosidase activity in a strain carrying the known Hcm1 binding site of the WHI5 promoter, fused to LacZ.
Nutrients are essential to the generation of cellular components and metabolites, but also fulfill regulatory functions, triggering signaling pathways. From the old concept of linear pathways acting in parallel, the actual picture points to a nutrient-dependent signaling network with extensive cross-talk at different levels. The results presented here suggest that Snf1 may act as the most important physiological regulator of Hcm1. Around 75% of Δsnf1 cells have cytosolic Hcm1 localization, have problems dividing, and do not reach high cell densities. In vitro assays demonstrate that Hcm1 is a good substrate for this kinase. Snf1 is the central component of the main glucose repression pathway in yeast and is orthologous to the mammalian AMPK. In the presence of high levels of glucose, this serine/threonine kinase is inactivated through dephosphorylation by the protein phosphatase complex Glc7-Reg1 [39] [40] [41] . Inactivation of Snf1 by high glucose levels resulted in transcriptional repression of genes not needed during glucose fermentation. These effects are mainly due to the transcriptional repressor Mig1. The genes repressed by Mig1 encode for enzymes involved in the Krebs cycle, respiration, gluconeogenesis, and the uptake and metabolism of alternative carbon sources [14, 42] . When glucose became scarce, ADP activates Snf1 by protecting the enzyme against dephosphorylation by Glc7 [43] . This requires increased interaction of Snf4 with the regulatory subunit of Snf1 and phosphorylation of Snf1 at Thre210, located at the catalytic domain. Three redundant upstream kinases -Elm1, Tos3, and Sak1 (formerly referred as Pak1)-can perform this phosphorylation [44] . In addition, relocalization of Snf1 has important effects on gene expression [15] . Activation of Snf1 by low glucose levels results in Mig1 phosphorylation and translocation of the repressor to the cytoplasm [31, 45] . We showed that activation of Snf1 is detected as earlier as OD 600 = 2 showing a maximum activation around OD 600 = 4-5 (Fig. 2C) . This implies that cells sense small decreases in nutrient levels and progressively change their metabolism to adapt to increasing nutrient scarcity. Phosphorylation of Hcm1 can be detected in vivo when cell extracts were prepared by a cell boiling method. Several bands can be observed at different points in the growth curve, supporting the hypothesis that Hcm1 is phosphorylated by several . Transcriptional activity of Hcm1 increases when either glucose or nitrogen content decreases. MJRC26 strain carrying the Hcm1-binding site from WHI5 promoter, fused to LacZ and used as a reporter of Hcm1 transcriptional activity, was grown in SC medium (as described in Materials and methods) to OD 600 =0.5. Cells were centrifuged, resuspended in new media with the amount of glucose or nitrogen indicated, and after 60 min incubation β-galactosidase activity was measured. β-galactosidase activity from MJRC27 strain (Δhcm1 background) was used as a negative control. Activity is indicated as nmol.min
. Data are represented as means±SD from three independent experiments. Statistical analysis was performed by comparison to control cells. *pb 0.05; **pb 0.01; ***pb 0.005.
HCM1-GFP HCM1-GFP
Nuclear Hcm1 (% of cells)
Nuclear Hcm1 (% of cells) and its derivative deletion strains Δtor1 and Δsnf1 were grown in YPD medium to OD 600 = 0.5 (white bars), OD 600 = 3 (gray bars) and OD 600 = 7 (black bars) and Hcm1-GFP nuclear localization was analyzed by fluorescence microscopy. Statistical analysis was performed by comparison to cells grown to OD 600 =0.5. *pb 0.05; **pb 0.01.
kinases at different sites. The fact that at OD 600 = 8 the protein appears less phosphorylated and decreases its amount is in agreement with an early role on nutrient deficiency. Results obtained by in vitro assays suggest that active Snf1 phosphorylates Hcm1, stimulating its nuclear translocation and initiating the metabolic change described above. Thus, both Hcm1 and Mig1 would be Snf1 targets acting in metabolically opposite directions. Once Hcm1 translocates to the nucleus, this would induce a positive feedback loop, activating Snf1. This hypothesis is supported because ELM1, the Snf1-upstream kinase, is induced in tetHCM1 cells and the phosphatase GLC7 showed decreased expression levels (Table 3 ). In addition to its primary role in response to nutrient stress, Snf1 has a role in cellular responses to other environmental stresses, including oxidative stress [19] . The activity of Msn2/4 and Hsf1, transcriptional activators involved in general stress responses, was shown to be modulated by Snf1 [46, 47] . In the present study we observed that, when nutrients decrease, the induction of HSP26 is highly dependent on Hcm1 (Fig. 3) . The promoter of HSP26 gene has a binding site for Hcm1 [12] , suggesting a direct transcriptional regulation by the forkhead factor. Hsp26 is a small heat shock protein with chaperone activity strongly induced by several stresses, including nitrogen starvation, carbon starvation, and oxidative stress. Moreover, several genes involved in the response to stress are induced in cells overexpressing Hcm1 (Supplemental Table S1 ). Thus, Hcm1 activation by Snf1 would have a role in the well-known increased stress resistance when yeast cells begin to shift from fermentation to respiration [38, 48, 49] .
In mammals, FoxO regulation is complex and has been extensively analyzed [2, 36] . AMPK phosphorylates human FoxO3 at six regulatory sites activating its transcriptional activity. This phosphorylation does not affect the subcellular localization of FoxO3 [50] . However, nuclear translocation of FoxO3 has been described to be AMPK-dependent after prolonged inactivation of p38α [51] . AMPK activation by 5-aminoimidazole-4-carboxamide ribonucleotide (AIACAR) also promotes FoxO3 nuclear translocation and activation and reduces reactive oxygen species (ROS) levels [52] . Moreover, AMPK regulates FoxO activity by modulating other proteins, like SirT1. AMPK increases cellular NAD + levels, which enhance SirT1 activity and result in the deacetylation and activation of FoxO3 [53] . In yeast, Sir2 was described to regulate nuclear accumulation of Hcm1 upon oxidative stress [13] , but whether Snf1 or another pathway is involved is not yet known. Besides Snf1, other signaling pathways have a role as regulators of Hcm1. In this report we show that Δtor1 cells showed slightly increased nuclear Hcm1 localization compared to WT cells at the early exponential phase (OD 600 = 0.5). In addition, Δtor1 cells did not show the transient translocation of Hcm1 to the nucleus when nutrients decreased (OD 600 = 3). A possibility to explain the lack of response when nutrients decrease in a Δtor1 mutant came from the described regulation of Snf1 by Tor1. Orlova and collaborators [54] demonstrated that Snf1 is negatively regulated by the rapamycin-sensitive Tor kinase, which plays essential roles in signaling nitrogen and amino acid availability. The authors showed that, upon nitrogen limitation, Snf1 is phosphorylated in a Tor1 dependent manner. In our context, perhaps lack of Hcm1 response when cells reached an OD 600 = 3 is due to decreased activation of Snf1 by Tor1. In this context, nuclear Hcm1 import after rapamycin treatment supports the indirect role of the TORC1 pathway on Hcm1 regulation. Although TORC1 is regulated by the abundance and/or quality of the available carbon and nitrogen sources, glutamine appears to play a relevant role in its activation [55] . The nitrogen content affects Hcm1 localization and transcriptional activity. Shifting from high to low nitrogen levels induces Hcm1 activity. One possibility to explain how TORC1 signaling pathway regulates Hcm1 is through activation of Sch9 by phosphorylation. We observed that, at least in vitro, Tor1 does not phosphorylate Hcm1 directly, but phosphorylates Sch9 that, in turn, can phosphorylate Hcm1. Sch9 has been described to be directly phosphorylated by TORC1 on at least five residues, and these events are critical for Sch9 catalytic activity [23] . Sch9 has been described to function both in the cytoplasm and the nucleus, and in our context, phosphorylation of Hcm1 by Sch9 might induce nucleus export and/or cytoplasmic retention. In mammals, the regulatory role of FoxO by the insulin/PI3K/AKT pathway is the best studied [reviewed in 36]. In the presence of insulin, and as a consequence of AKT/PKB activation, FoxO1, 3 and 4 are phosphorylated at three evolutively conserved sites. The chaperone 14-3-3 has been identified as an important protein involved in the nuclear-cytoplasmic shuttling of FoxOs. Phosphorylation by AKT/PKB facilitates binding of FoxOs to the protein 14-3-3, enhancing nuclear export and decreasing nuclear entry [56, 57] .
Subsequently, AKT/PKB induces FoxO degradation by the ubiquitinproteasome pathway.
As in the case of the AMPK pathway, there seems to be a feedback loop between Hcm1 activation and TORC1 inactivation. LST8, a component of TORC1, is downregulated in Hcm1-overexpressed cells and upregulated in Δhcm1, compared to the WT strain (Table 3) . Expression of two genes downstream of the TORC1 pathway differs in tetHCM1 cells: TAT2 is downregulated, whereas GAP1 is upregulated. Tat2 is a high-affinity tryptophan permease targeted to the plasma membrane under nutrient-rich conditions, but sorted to the vacuole for degradation when nitrogen sources are poor or limited. The opposite happens to Gap1, a general amino acid permease expressed when nitrogen sources are poor or limited [58, 59] . Moreover, AUA1, a protein required for the negative regulation by ammonia of Gap1 [60] is downregulated. This report demonstrates that when nutrients start to decrease Hcm1 is upregulated and translocates transiently to the nucleus -probably as a result of phosphorylation by Snf1. Inside the nucleus, Hcm1 participated in the adaptation of cells to this new situation, being involved in the shift from fermentative to respiratory metabolism and inducing a stress response. The fact that Hcm1 activity achieves its maximum very early in the growth curve suggests that Hcm1 acts as a major nutrient regulator when nutrient limitation begins. Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.bbamcr.2013.02.015. 
